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ABSTRACT 


The  solidification  of  electroslag  remelted  AISI  4340  steel  ingots  was 
investigated  over  a range  of  melt  rates  from  3.7  to  6.3  lb/min.  The  liquid 
metal  pool  shape  was  determined  by  marking  the  liquidus  isotherm  with  tung- 
sten additions,  and  these  data  were  used  for  an  empirical  model  to  predict 
the  liquidus  geometry  as  a function  of  the  melt  rate.  The  model  is  based 
on  the  premise  that  the  solidification  rate  normal  to  the  mold  wall  is  in- 
dependent of  the  melt  rate.  Data  on  the  local  solidification  time  and  the 
axial  mushy  zone  width  were  obtained  from  dendrite  arm  spacing  measurements 
and  an  empirical  relation  between  the  arm  spacings  and  the  average  cooling 
rate  during  solidification.  This  was  combined  with  information  on  the 
liquidus  isotherm  shape  to  locate  the  solidus  isotherm. 

The  local  solidification  time,  mushy  zone  width,  and  depth  of  the 
solidus  isotherm  are  not  linear  functions  of  the  melt  rate.  At  a high  melt 
rate  where  the  liquid  pool  depth  approaches  the  ingot  radius  the  rate  of 
increase  of  these  variables  with  increasing  melt  rate  is  significant,  and 
conditions  are  produced  which  would  be  expected  to  result  in  solidification- 
related  defects  such  as  macrosegregation.  Macrosegregation  was  investi- 
gated by  wet  chemical  analyses  at  locations  from  the  surface  to  the  center 
of  the  ingots.  No  macrosegregation  was  observed  in  the  AISI  4340  alloy  at 
either  the  high  or  low  melt  rate. 
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INTRODUCTION 


Electroslag  remelting  (ESR)  is  a secondary  remelting  process  used  to  produce 
ingots  with  refined  directional  structures  which  are  free  from  porosity  and  pipe, 
have  excellent  surface  quality,  minimal  cropping  losses,  low  sulfide  and  oxide 
inclusion  contents  from  chemical  refining  by  the  slag,  and  greatly  reduced  macro- 
segregation problems  as  compaied  to  other  ingot  casting  processes.  Ingot  struc- 
ture, cleanliness,  and  chemical  homogeneity  have  significant  effects  on  the  levels 
and  anisotropy  of  mechanical  properties  in  the  final  wrought  product.  The  purpose 
of  this  investigation  is  to  characterize  the  solidification  geometry  and  structure, 
thermal  gradients,  chemistry,  and  chemical  homogeneity  of  AISI  4340  steel  ESR 
ingots  as  a function  of  the  melting  rate  in  order  to  predict  optimum  melting  con- 
ditions. The  results  of  this  analysis  will  serve  as  the  basis  for  studies  of 
macrosegregation  using  ingots  of  the  same  size;  the  models  generated  will  allow 
prediction  of  process  conditions  under  which  macrosegregation  is  likely  to  occur 
in  segregation-sensitive  alloys. 

Figure  1 is  a schematic  cross  section  of  an  ESR  melt  station.  The  process 
consists  of  a consumable  electrode  melted  through  a resistively  heated  calcium 
fluoride-based  slag  into  a water-cooled  copper  mold.  The  thin  molten  layer  on 
the  immersed  portion  of  the  electrode  provides  a large  surface  area  for  slag-metal 
chemical  refining  reactions,  and  the  heated  slag  pool  provides  thermal  inertia  to 


Figure  1.  Schematic  of  ESR  process. 
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dampen  process  instabilities.  A thin  slug  layer  which  solidifies  between  the  mold 
wall  and  the  ingot  provides  a smooth  surface  typical  of  USR  ingots.  The  shape  and 
depth  of  the  molten  metal  pool  (defined  by  the  liquidus  and  solidus  isotherms)  is 
of  prime  importance  in  determining  the  cast  structure  of  the  ingot.  The  size  of 
the  mushy  zone  between  the  liquidus  and  solidus  isotherms  is  a function  of  the 
thermal  gradients  and  the  melting  rate.  The  time  spent  in  the  mushy  zone  (local 
solidification  time)  can  be  related  to  the  dendrite  arm  spacing  or  coarseness  of 
the  solidification  structure.  The  geometries  and  velocities  of  the  isotherms  af- 
fect the  velocity  and  direction  of  the  interdendritic  fluid  flow  and  hence  the 
extent  of  macrosegregation  of  alloy  elements. 

OBJECTIVES  AND  APPROACH 

The  investigation  had  three  objectives:  (1)  to  investigate  the  liquid  metal 
pool  profile  as  a function  of  the  melting  rate;  (2)  to  determine  the  solidifica- 
tion structure  and  geometry  including  the  location  of  the  solidus  isotherm,  the 
shape  and  velocity  of  the  mushy  zone  between  the  liquidus  and  solidus  isotherms, 
and  the  local  solidification  time  as  functions  of  the  melting  rate  and  the  solid- 
ification characteristics  of  the  alloy;  and  (3)  to  investigate  the  melt-rate 
dependence  of  macrosegregation  in  AISI  4340  steel. 

The  velocity  of  the  slag/metal  interface  and  the  melting  rate  were  determined 
experimentally  from  readings  of  the  electrode  position  at  one  minute  intervals  and 
a volume  balance  based  on  measurements  of  the  electrode  and  ingot  cross  sections. 
The  liquid  metal  pool  profile  (given  by  the  liquidus  isotherm)  was  determined  ex- 
perimentally at  high  and  low  melt  rates  by  marking  the  liquidus  isotherm  with 
tungsten  additions  and  metal lographic  examination  of  the  sectioned  ingots.  This 
data  was  used  to  develop  an  empirical  model  of  the  liquid  metal  pool  shape  as  a 
function  of  the  melt  rate.  The  model  is  based  on  the  observation  that  the  rate 
of  solidification  normal  to  the  mold  wall  (transverse  solidification  velocity)  is 
independent  of  the  melt  rate. 

Information  on  the  thermal  conditions  during  solidification  is  experimentally 
difficult  to  obtain  for  the  electroslag  remelting  process.  A traditional  approach 
for  teemed  ingots  and  castings  is  to  use  imbedded  thermocouples  to  provide  infor- 
mation in  the  form  of  cooling  curves.  This  is  hampered  for  the  ESR  process  by 
problems  of  access  through  the  copper  crucible  or  through  the  slag  layer  which 
rapidly  erodes  thermocouple  protector  tubes.  A second  approach  is  to  mark  the 
liquidus  isotherm  by  various  additions,  and  use  this  experimental  data  for  the 
correction  of  quasi-steady  state  or  time-dependent  finite  difference  heat  trans- 
port models.  The  present  study  utilizes  a third  approach  which  is  to  mark  the 
liquidus  isotherm  by  additions,  and  calculate  the  solidification  rate  from  den- 
drite arm  spacing  measurements  and  an  empirical  relation  between  the  secondary 
dendrite  arm  spacing  and  the  average  cooling  rate  during  solidification  for  the 
particular  alloy.  The  calculated  cooling  rates  are  then  used  in  combination  with 
data  on  the  shape  and  velocity  of  the  liquidus  isotherm  from  the  experimental 
marks  to  determine  the  location  of  the  solidus  isotherm,  width  of  the  mushy  zone, 
and  the  local  solidification  time.  This  approach  was  used  by  Mellherg  and 
Sandberg1  to  investigate  the  solidification  of  M-2  high-speed  steel  ingots. 


I Ml  1 1 HI  HU.  P.  O.,  4 ml  SANOHl  RG,  II.  Scaml.  J.  Metallurgy,  v.  2.  1071,  p.  8.1-86. 


The  melt-rate  dependence  of  marrosegregation  in  A I S I 4340  steel  was  investi- 
gated by  chemical  analysis  of  the  ingots  melted  at  the  highest  and  lowest  rates. 
Wet  chemical  analyses  were  performed  on  drilled  chips  taken  at  increments  along 
a line  from  the  surface  to  the  center  of  the  ingot,  at  an  ingot  height  of  25  cm 
from  the  starting  plate.  Macrosegregation  caused  by  the  flow  of  solute-rich 
i nterdendri tic  liquid  would  be  evidenced  by  chemical  variations  across  the  width 
of  the  ingot . 


EXPERIMENTAL  PROCEDURE 

The  study  is  based  on  300-lb  Aid  4340  steel  ingots  produced  with  a CONSARC 
electroslag  remelting  furnace  at  AMMRC.  The  ingots  had  an  8 inch  by  8 inch 
round -cornered  square  cross  section  with  an  area  of  58  square  inches,  and  heights 
ranging  from  18  to  20  inches.  The  furnace  was  equipped  for  independent  continu- 
ously variable  control  of  the  current  and  voltage.  The  current  control  was  pro- 
vided by  saturable  reactors  in  series  with  the  primary  side  of  the  transformer. 
Voltage  control  was  provided  by  a feedback  loop  coupled  to  the  hydrolytic  elec- 
trode suspension  system  which  positions  the  electrode  in  the  slag  pool  to  match 
a desired  reference  voltage. 

The  slag  composition  was  70%  CaF2  + 15%  CaO  + 15%  AI2O3,  and  the  slag  charge 
was  IS  lb  which  provided  a slag  pool  depth  of  3 inches.  A cold  slag  start-up 
proc^J'  ' is  used,  and  the  melts  were  terminated  abruptly  with  no  hot-topping. 

\ big1,  pi'.er  level  was  required  duiing  start-up  because  of  the  chilling  effect  of 
the  mold  bottom  and  the  heat  of  fusion  required  to  melt  the  slag  charge.  After 
start-up  the  power  input  was  controlled  to  maintain  a constant  melt  rate,  and 
power  changes  were  made  by  adjusting  both  current  and  voltage  to  maintain  a con- 
stant melt  geometry. 

Records  were  kept  of  the  weights  and  dimensions  of  the  electrode  and  ingot, 
the  .lag  charge,  the  weights  of  the  -Parting  plate  and  the  final  slag  cap,  and 
the  maximum  slag  height  in  the  cruci’  3e.  The  melt  log  recorded  during  the  melt 
included:  current,  voltage,  power,  electrode  position,  the  entrance  and  exit 
cooling  water  temperatures,  and  the  slag  temperature.  The  melting  rate  M in 
pounds  per  minute  and  the  velocity  of  the  slag/metal  interface  Vj  in  centimeters 
per  minute  were  calculated  from  the  cross-sectional  area  of  the  electrode  Ae, 
the  cross-sectional  area  of  the  ingot  Ap,  and  the  electrode  velocity  Vg  in  centi- 
meters per  minute.  The  electrode  velocity  was  determined  from  least-squares  re- 
gression fits  of  electrode  position  measurements  to  the  nearest  0.01  inch  at  one- 
minute  intervals.  The  melting  rate  and  the  slag/metal  interface  velocity  are 
given  by: 

M ■ l(ViP)/(Ai  - Ae))Vp  Cl) 

where  p = density  of  steel  (0.283  >H/cu  in.),  and 

VI  » l V(Ai  - Ae))vE 


(2) 


Three  ingots  designated  5 , 10,  and  X-4,  were  examined  in  this  study.  These 
were  melted  at  rates  of  3.7,  4.3,  and  6.4  lh/min.  Table  1 gives  the  process  data 
for  the  three  ingots  at  a time  corresponding  to  an  ingot  height  of  10  inches 
(25  cm")  from  the  starting  plate.  These  data  include  the  cross-sectional  area  of 
the  electrode,  voltage,  current,  slag  pool  temperature,  electrode  velocity,  slag/ 
metal  interface  velocity,  and  the  melting  rate.  All  three  ingots  had  cross- 
sectional  areas  of  58  square  inches. 


Table  1. 

PROCESS 

VARIABLES  AT 

INGOT  MIDHEIGHT 

Ingot 

Ae 

( In.-) 

Fill 

Ratio 

Vol  ts 

Amps 

Slag 

Temp. 

(°c) 

VE 

(cm/mi n) 

VI 

( cm/ml n) 

M 

( Ib/mln) 

5 

31.92 

0.5504 

21.5 

3420 

1627 

0.4678 

0.5726 

3.700 

10 

31.14 

0.5369 

25.0 

4500 

1660 

0.5736 

0.6651 

4.298 

X-4 

31.14 

0.5369 

28.0 

6800 

1782 

0.8496 

0.9851 

6.336 

Area 

of  Ingot 

cross 

section 

* 58  sq  in. 

A,,  • area  of  electrode  cross  section 
V[  * electrode  velocity 
Vj  ■ slaq/metal  Interface  velocity 
M ■ melt  rate 


The  liquid  metal  pool  profiles  were  determined  from  ingots  10  and  X-4,  in 
which  the  liquidus  isotherms  were  marked  by  periodic  tungsten  additions.  These 
ingots  were  sectioned  longitudinally  and  one  half  of  each  was  Blanchard  ground 
and  macroetched  with  a lSi>  solution  of  ammonium  persulfate.  This  revealed  the 
ingot  macrostructures  and  the  liquidus  isotherm  shapes  as  delineated  by  the  marks. 
Figures  2 and  3 show  the  macrostructures  of  these  ingots  and  provide  tables  of  the 
important  process  variables  corresponding  to  each  of  the  marks. 

Specimens  for  microstructural  analysis  were  prepared  from  surface-to-center 
transverse  sections  of  all  three  ingots  at  a height  of  10  inches  from  the  starting 
plate.  These  were  polished  and  etched  with  Oberhoffer 's  reagent  to  reveal  the 
secondary  dendritic  structure  on  the  longitudinal  face  and  the  primary  dendritic 
structure  on  the  transverse  face.  Figure  4 shows  photomicrographs  of  the  primary 
and  secondary  dendritic  structures  of  ingot  5 at  the  ingot  mid-radius.  The  sec- 
ondary dendrite  arm  spacings  were  measured  with  an  optical  microscope  at  a number 
of  locations  between  the  ingot  surface  and  the  centerline.  These  measurements 
were  fitted  with  a least -squares  regression  fit  to  give  the  secondary  dendrite  arm 
spacing  (DAS)  in  micrometers  as  a function  of  the  distance  from  the  ingot  surface 
x in  centimeters. 

DAS  = aQ  ♦ ajx  ♦ ajx2  (3) 

where  a^ , aj,  aj  = regression  coefficients. 
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Mark 

Time 

(min) 

Ram 

(cm) 

S/M 

Height 

(cm) 

llquldus 

Surface 

(cm) 

Height 

Center 

(cm) 

Pool 

Depth 

(cm) 

Melt 

Rate 

(lb/mln) 

Pool 

Velocity 
( cm/ml n) 

1 

21 

9.53 

3.494 

0.540 

2 

42 

9.50 

22.18 

21.23 

15.57 

6.61 

4.180 

0.647 

3 

52 

15.24 

29.04 

28.10 

21.78 

7.26 

4.298 

0.665 

4 

64 

22.20 

37.20 

36.43 

29.88 

7.52 

4.415 

0.683 

5 

80 

31.88 

48.27 

47.30 

40.37 

7.90 

4.567 

0.707 

Figure  2.  Macrostructure  of  Ingot  10. 
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Mark 

T Ime 
(min) 

Ram 

(cm) 

S/M 

Height 

(cm) 

l Iquldus 

Surface 

(cm) 

Height 

Center 

(cm) 

Pool 

Depth 

(cm) 

Melt 
Rate 
( lb/mln) 

Pool 

Velocity 
( cm/ml n> 

j 

3 

36 

12.60 

24.52 

22.68 

) 5 . 32 

9.20 

6.287 

0.973 

4 

44 

19.33 

32.44 

30.60 

21.04 

11.40 

6.336 

0.985 

j 

5 

51 

25.48 

39 . 42 

37.68 

26.78 

12.64 

6.471 

1.00 

6 

56 

24.64 

44.01 

42.42 

31.10 

12.91 

6.280 

0.972 

lj 

■ j 

Figure  3.  Macrostructure  of  Ingot  X 4. 
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Wot  chemical  analyses  wore  obtained  on  both  the  electrodes  and  the  ingots 
from  drillings  at  random  locations  over  a transverse  section.  Table  J provides 
the  chemistries  ot'  the  electrodes  and  the  ingots,  and  the  losses  resulting  from 
electroslag  remelting.  Ingot-.  S and  \ -1  were  examined  for  macrosegregation  by 
vvet  chemical  analysis  of  drillings  taken  at  about  1.5-cm  increments  from  the  sur- 
face to  the  center  of  the  ingot  at  a height  of  10  inches  from  the  starting  plate. 

TaMe  CMfwJCAl  ANALYSIS  Of  IUCTR0D1S  ANO  INGOTS 


Analysis  Weight  Percent 


Ingot 

c 

Ml! 

Si 

Ni 

Cr 

No 

r 

s 

5 

t W'v  t rode 
IfUJOt 

p.JO 

0.3' 

o.*s 

O.’i 

0.33 

0.05 

1.76 

1.67 

0.80 

0.77 

0.56 

0.55 

0.008 

0.006 

0.017 

0.007 

10 

lli'i  t IV til' 

Ingot 

0.41 

0.40 

0.77 

0.7.1 

0.78 

0.14 

1.81 

1.78 

0.80 

0.80 

0.76 

0.77 

0.010 

0.008 

0.004 

0.001 

t-4 

i tec t rode 
Ingot 

0.41 

0.77 
0.  74 

0.00 

0.15 

1.81 

1.75 

0.87 

0.84 

0.7s 

0.74 

0.010 

0.004 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 


L Inuidus  Isotherm  Geometry 

The  tungsten  marks  in  ingots  10  and  \ 4 show  that  the  liquidus  isotherm  pro- 
file is  hvperbolic  in  the  transverse  section.  The  hyperbolic  shape  is  indicated 
bv  the  fact  that  the  marked  isotherm  approaches  an  asymptote  as  it  nears  the  ingot 
surface,  figure  Sa  is  a schematic  of  the  hyperbolic  liquidus  isotherm  shape.  The 
axis  is  parallel  to  the  ingot  axis,  and  the  x axis  is  perpendicular  to  the  side 


■ 


— 


(b) 


Figure  5.  Schematic  ot  hypeibolic  liquidus  isotherm  shape 


of  the  ingot.  The  transverse  axis  is  labeled  x rather  than  r because  the  ingot 
cross  section  is  round-cornered  square  rather  than  circular.  The  origin  of  the 
coordinate  system  is  placed  at  the  intercept  of  the  marked  isotherm  with  the  ingot 
surface;  thus,  distance  along  the  x axis  represents  the  distance  solidified  from 
the  m«.' Id  wall . 


The  equation  representing  the  hyperbolic  liquidus  isotherm  shape  is: 

^(i  ♦ c)2/a2j-  fix  - w)2/b2j  = 1 (4) 

where  c * translation  along  the  : axis  from  the  origin  to  the  center  of  the 
hyperbola 

w » translation  on  the  x axis  from  the  origin  to  the  axis  of  the  hyperbola 
(ingot  half  width) 

a.b  - constants 

Let  0 be  the  angle  between  the  ingot  axis  and  the  normal  to  the  liquidus  isotherm 
at  any  point;  then  the  slope  of  the  isotherm  is  tan  0.  The  depth  and  slope  of 
the  isotherm  are  determined  at  any  distance  from  the  ingot  surface  as: 

i ■ a/b[(x  - w)2  «■  b2]*1  - c (5) 

dz/dx  ■ tan  0 * a(x  - w)/b[(x  - w)2  ♦ b2)^  (6) 

The  constants  in  the  above  equations  were  determined  by  least -squares  regres- 
sion fits  to  the  isotherm  shapes  measured  from  the  tungsten  marks.  Figure  b shows 
the  regression-fitted  liquidus  isotherm  shapes  for  ingots  10  and  X-4.  These  show 
excellent  correlation  with  the  pool  shapes  on  the  macroetched  sections  of  these 
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Figure  6.  Liquidus  isotherm  geometries  for  (a)  Ingot  10  and  (bl  Ingot  X-4. 

ingots  shown  in  Figures  2 and  3.  The  multiple  correlation  coefficients  for  the 
regression  fits  were  in  excess  of  0.999  for  all  cases.  The  effect  of  the  bottom 
chill  of  the  mold  on  heat  transport  geometry  is  shown  by  the  change  in  shape  of 
the  iiquidus  isotherm  with  increasing  ingot  height.  The  isotherm  shape  near  the 
bottom  of  the  ingot  is  shallow  and  has  a large  radius  of  curvature  at  the  ingot 
centerline,  indicating  that  the  bottom  chill  is  increasing  the  thermal  gradient 
in  the  axial  direction.  As  ingot  height  increases,  the  slope  of  the  isotherm  be- 
comes steeper,  the  radius  of  curvature  at  the  bottom  decreases,  and  the  marked 
isotherm  profiles  approach  a constant  shape  indicative  of  steady  state  heat  trans- 
port conditions. 

The  hyperbola  provides  an  excellent  analytical  description  of  the  individual 
Iiquidus  isotherm  geometries  over  a range  of  melt  rates  and  distances  from  the 
bottom  of  the  ingot.  However,  use  of  the  hyperbolic  isotherm  shape  as  a predic- 
tive model  requires  generalization  so  that  the  isotherm  shape  (hyperbolic  con- 
stants! may  be  determined  as  a function  of  the  melting  rate  or  the  slag/metal 
interface  velocity. 
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The  effect  of  the  melt  rate  on  solidification  geometry  can  be  investigated 
by  examining  the  transverse  solidification  rate  Vj,  which  is  the  rate  of  growth 
of  the  solidified  thickness  at  a constant  ingot  height.  The  transverse  solidifi- 
cation rate  may  be  determined  from  the  tungsten -marked  liquidus  isotherm  shapes 
by  transforming  from  x-z  coordinates  to  an  x-time  coordinate  system  in  which  the 
time  t equals  the  pool  depth  divided  by  the  slag/metal  interface  velocity: 

t = z/Vx  (7) 

Consider  a thin  horizontal  slice  of  the  ingot  with  a thickness  Az  illustrated  in 
Figure  7a.  The  slice  is  initially  molten,  and  it  progressively  solidifies  from 
the  mold  wall  to  the  ingot  centerline  as  the  liquid  metal  pool  and  the  liquidus 
and  solidus  isotherms  move  past  in  the  axial  direction.  In  x-time  coordinates 
(Figure  7b)  solidification  progresses  in  the  x direction  away  from  the  mold  wall 
as  the  slice  moves  forward  in  time.  The  x-time  coordinate  system  has  been  used 
by  Savage  and  Prichard,2  Hills,3  Mizikar,4  and  others  for  modeling  the  solidifi- 
cation of  continuously  cast  ingots. 

The  transformation  to  x-time  coordinates  expresses  the  liquidus  shape  in 
terms  of  the  distance  of  the  isotherm  from  the  mold  wall  as  a function  of  time 
elapsed  since  the  start  of  solidification  at  the  mold  wall.  The  expression  for 
the  hyperbolic  pool  shape  in  x-time  coordinates  is: 

[(t  + c/V^/Ca/Vj)2]  - [(x  - w)2/b2]  = 1 (8) 

This  relation  expresses  solidified  thickness  as  a function  of  time,  and  it  allows 
a comparison  of  the  solidification  of  ESR  ingots  with  teemed  and  continuously  cast 
ingots . 

Figure  8 shows  comparisons  of  the  experimental  liquidus  isotherm  shapes  from 
the  third  tungsten  mark  in  ingot  10  and  the  fourth  mark  in  ingot  X-4,  both  at  a 
height  of  25  cm  from  the  starting  plate.  Figure  8a  in  x-z  coordinates  shows  a sub- 
stantial difference  in  liquidus  isotherm  shape  between  the  two  ingots.  Figure  8b 
shows  that  the  isotherm  geometries  for  the  two  ingots  are  almost  identical  in 
x-time  coordinates,  although  ingot  X-4  was  melted  at  a 47%  higher  rate  than  ingot 
10.  Thus,  the  transverse  solidification  velocity  and  the  total  time  required  for 
solidification  to  progress  from  the  mold  wall  to  the  ingot  center  appear  to  be 
independent  of  the  melt  rate. 

This  empirical  relation  may  be  used  to  predict  the  shape  of  the  liquidus  iso- 
therm in  x-z  coordinates  as  a function  of  the  melt  rate.  The  constants  for  the 
x-time  hyperbolic  pool  shape  (Equation  8)  for  the  third  tungsten  mark  in  ingot  10 
are: 

2.  SAVAGE,  J.,  and  PRITCHARD,  W.  H.  The  Problem  of  Rupture  of  the  Billet  in  the  Continuous  Casting  of  Steel.  J.  Iron  and 
Steel  Inst.,  v.  178,  1954,  p.  269-277. 

3.  HILLS,  A.  W.  D.  Simplified  Theoretical  Treatments  for  the  Transfer  of  Heat  in  Continuous-Casting  Machine  Moulds.  J.  Iron  and 
Steel  Inst.,  v.  203,  1965,  p,  18-26. 

4.  MIZIKAR,  E.  A.  Mathematical  Heat  Transfer  Model  for  Solidification  of  Continuously  Cast  Steel  Slabs.  Trans.  Met.  Soc.,  AIME, 
v.  239,  1967,  p.  1747-1753. 
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a/Vj  = 2.5306 
b = 2.2135 
c/Vj  = 7.9269 

The  liquidus  isotherm  geometry  in  x-z  coordinates  for  any  slag/metal  interface 
velocity  can  be  determined  by  solving  for  a,  b,  and  c,  and  substituting  these 
values  in  Equation  4.  Figure  9 shows  the  predicted  isotherm  profiles  as  a func- 
tion of  the  melt  rate  using  the  above  coefficients.  The  predicted  liquidus  iso- 
therm shapes  are  probably  valid  over  a range  of  melt  rates  from  3 to  7 pounds  per 
minute.  For  melt  rates  less  than  about  3 lb/min  the  liquidus  isotherm  intercepts 
the  slag/metal  interface,  resulting  in  a rippled  surface  and  an  excessive  slag 
skin  thickness.  At  melt  rates  in  excess  of  7 lb/min  steam  hammering  is  observed 
in  the  crucible. 

Local  Solidification  Time  and  Mushy  Zone  Geometry 

The  previous  section  developed  expressions  for  the  liquidus  isotherm  geometry 
as  a function  of  the  slag/metal  interface  velocity.  This  information  can  be  used, 
in  combination  with  data  on  the  cooling  rate  during  solidification  inferred  from 
dendrite  arm  spacing  measurements,  to  determine  the  local  solidification  time,  the 
depth  of  the  mushy  zone,  and  the  location  of  the  solidus  isotherm. 


Figure  9.  Predicted  isotherm  profiles  as  a function  of  the  melt  rate. 
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An  empirical  power  function  correlation  exists  between  the  average  cooling 
rate  during  solidification  e and  the  secondary  dendrite  arm  spacing.  This  is 
based  on  the  time  available  for  ripening  in  which  the  smaller  dendrite  arms  dis- 
appear and  the  average  spacing  between  arms  increases.  The  correlation  was 
obtained  from  Mehrabian*  for  AISI  4340  steel: 

DAS  = 393.66  e'°-3j82  (9) 

where  DAS  = secondary  dendrite  arm  spacing  (micrometers) 
e = average  cooling  rate  (°C/min) 

The  local  solidification  time  tf  is  equal  to  the  freezing  range  for  a partic- 
ular alloy  divided  by  the  average  cooling  rate: 

lf  ’ f’liquidus  - ^solidus’/'  <1W 

The  liquidus  and  solidus  temperatures  for  AISI  4340  steel  are  given  by  Basaran 
et  al.S  as  1483  C and  1427  C;  the  freezing  range  is  then  56  C.  The  axial  distance 
between  the  liquidus  and  solidus  isotherms  at  a particular  distance  from  the  ingot 
surface  is  the  product  of  the  local  solidification  time  and  the  slag/metal  inter- 
face velocity: 

*1  - *S  " Vf  »» 

Figure  10  is  a plot  of  the  secondary  dendrite  arm  spacings  for  the  three 
ingots  as  a function  of  distance  from  the  ingot  surface;  the  measurements  were 
made  at  a distance  of  25  cm  from  the  starting  plate.  Near  the  ingot  surface  the 
arm  spacings  were  small  for  all  three  ingots  (60  to  80  micrometers) , but  a large 
difference  in  arm  spacings  was  observed  near  the  ingot  centerline.  The  centerline 
dendrite  arm  spacings  ranged  from  200  micrometers  for  ingot  5 to  340  micrometers 
for  ingot  X-4.  Figure  11  shows  plots  of  the  liquidus  and  solidus  isotherm  geome- 
tries for  the  three  ingots . Data  on  the  mushy  zone  geometries  are  given  in  Table 
3 at  one-cm  increments  of  distance  from  the  ingot  surface.  These  data  include: 
the  depth  of  the  liquidus  isotherm  from  the  origin  at  its  intercept  with  the  ingot 
surface,  the  slope  of  the  liquidus  0,  the  measured  secondary  dendrite  arm  spacing, 
the  average  cooling  rate  during  solidification,  the  local  solidification  time,  the 
axial  width  of  the  mushy  zone  ( z\  - zs) , and  the  depth  of  the  solidus  isotherm 
calculated  from  the  location  of  the  liquidus  and  the  mushy  zone  width. 

Ingots  5 and  10  (Figure  11a  and  b)  have  relatively  shallow  liquid  metal  pools 
with  depths  equal  to  about  one  fourth  of  the  ingot  width.  Ingot  5 was  melted  at 
the  lowest  rate  of  3.7  lb/min  with  a power  input  of  21.5  volts  and  3400  amps,  and 
a slag/metal  interface  velocity  of  0.57  centimeter  per  minute.  This  produced  a 
pool  depth  of  5.39  cm  at  the  ingot  centerline  and  a liquidus  isotherm  slope  of 
32.6°  at  the  ingot  surface.  The  mushy  zone  width  was  relatively  narrow,  ar.d  the 
secondary  dendrite  arm  spacings  were  small. 

•MEHRABIAN,  R.,  University  of  Illinois,  private  communication. 

5.  BASARAN,  M..  KATTAMIS,  T.  Z„  MEHRABIAN,  R„  and  FLEMINGS,  M.  C.  A Study  of  Heat  and  Fluid  Flow  in  Slectrotlag 
Remelting.  Massachusetts  Institute  of  Technology,  Contract  DAAG46-73-C-0088,  Final  Report,  Army  Materials  and  Mechanics 
Research  Center,  AMMRC  CTR  74-36,  April  1974. 
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Figure  10.  Plot  of  secondary  dendrite  arm  spacings  for  three  ingots 
as  a function  of  distance  from  the  ingot  surface. 


Ingot  10  was  melted  at  a higher  power  level  of  25  volts  and  4500  amps,  which 
produced  a melt  rate  of  about  4.3  lb/min  and  a slag/metal  interface  velocity  of 
0.67  centimeter  per  minute.  The  liquid  metal  pool  had  a slightly  greater  depth 
of  6.25  cm  at  the  ingot  centerline,  and  the  slope  of  the  liquidus  isotherm  was 
about  36.6°  at  the  ingot  surface.  The  dendrite  arm  spacings  were  larger,  and  the 
mushy  zone  was  wider. 

Ingot  X-4  (Figure  11c)  was  melted  at  28  volts  and  6800  amps  which  produced 
a very  high  melt  rate  for  this  size  crucible  of  6.4  lb/min,  and  a slag/metal 
interface  velocity  of  about  1 centimeter  per  minute.  The  liquid  metal  pool  depth 
was  9.26  cm  at  the  ingot  centerline,  the  slope  of  the  liquidus  was  about  47.7°  at 
the  ingot  surface,  the  dendritic  structure  was  coarse,  and  the  mushy  zone  was  very 
wide.  The  slope  of  the  solidus  isotherm  near  the  center  of  the  ingot  was  about  80°, 
and  the  local  solidification  time  at  the  center  was  34  minutes.  This  coarse  struc- 
ture, wide  mushy  zone,  and  long  local  solidification  time  provided  an  excellent 
opportunity  for  macrosegregation  caused  by  the  flow  of  interdendritic  liquid. 
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(a)  Ingot  5 


(b)  Ingot  10 


Figure  11.  Liquidus  and  solidus  isotherm  geometries  of  three  ingots,  as  they  would  be  obtained 
under  steady  state  melting  conditions.  The  proximity  of  the  bottom  chill  in  ingot  X-4  produced 
an  actual  solidus  isotherm  with  less  depth  than  shown  and  with  a lower  axial  velocity  than  that 
of  the  slag/metal  interface. 


Table  3.  SOLIDIFICATION  DATA  FOR  INGOT  5 


Ingot 

X 

ze 

zs 

ze  ' zs 

e 

DAS 

c 

tf 

5 

0 

0 

0.07 

0.065 

32.61 

58.2 

494.0 

0.113 

1 

0.64 

0.79 

0.150 

33.48 

75.3 

214.2 

0.261 

2 

1.27 

1.56 

0.287 

32.29 

92.0 

111.8 

0.501 

3 

1.90 

2.40 

0.497 

32.04 

109.0 

64.5 

0.868 

4 

2.53 

3.31 

0.783 

31.65 

125.4 

40.9 

1 .368 

5 

3.14 

4.29 

1.154 

31.06 

141.3 

27.8 

2.015 

6 

3.73 

5.29 

1.558 

30.08 

155.0 

20.6 

2.721 

7 

4.29 

6.28 

1.985 

28.30 

167.0 

16.2 

3.466 

8 

4.79 

7.24 

2.454 

24.77 

178.3 

13.1 

4.287 

9 

5.19 

8.18 

2.986 

17.32 

189.4 

10.7 

.214 

10 

5.38 

8.96 

3.580 

3.37 

200.3 

9.0 

6.235 

10. 

.2 

5.39 

9.10 

3.709 

0 

202.5 

8.6 

6.478 

10 

0 

0 

0.11 

0.111 

36.62 

65.6 

335.7 

0.167 

1 

0.74 

1.00 

0.257 

36.47 

84.9 

144.8 

0.381 

2 

1.46 

1.97 

0.489 

36.28 

103.6 

76.1 

0.736 

3 

2.21 

3.03 

0.820 

36.0 

121.4 

45.4 

1.233 

4 

2.93 

4.19 

1.257 

35.61 

138. 5 

28.6 

1.890 

5 

3.64 

5.45 

1.805 

34.98 

154.9 

20.6 

2.713 

6 

4.33 

6.79 

2.462 

33.93 

170.4 

15.1 

3.102 

7 

4.98 

8.21 

3.227 

32.02 

185.2 

11.5 

4.851 

8 

5.56 

9.65 

4.090 

28.19 

199.3 

9.1 

6.149 

9 

6.02 

11.07 

5.042 

19.92 

212.6 

7.4 

7.581 

10 

6.25 

12.32 

6.071 

3.91 

225.1 

6.1 

9.127 

10. 

.2 

6.25 

12.54 

6.284 

0 

327.5 

5.9 

9.448 

X-4 

0 

0 

0.34 

0.340 

47.65 

82.1 

62.1 

0.899 

1 

1.09 

1.98 

0.835 

47.00 

10.2 

62.3 

0.899 

2 

2.19 

4.01 

1.824 

47.40 

137.6 

30.3 

1 .851 

3 

3.27 

6.52 

3.351 

47.11 

154.5 

17.0 

3.300 

4 

4.43 

9.59 

6.353 

46.69 

190.7 

10.5 

5.333 

5 

5.39 

13.29 

7.904 

46.02 

316.3 

7.0 

8.023 

6 

6.40 

17.67 

11.364 

44.89 

341.2 

4.9 

11.450 

7 

7.37 

22.74 

15.382 

42.81 

365.6 

3.6 

15.614 

8 

8.24 

28.52 

20.296 

38.44 

289.3 

2.7 

20.602 

9 

8.91 

34.95 

26.030 

28.22 

312.3 

2.1 

26.423 

10 

9.25 

41.84 

32.597 

5.79 

334.7 

11.7 

33.085 

10 

.2 

9.26 

43.26 

34.010 

0 

339.1 

1.6 

34.924 

X = 

distance  from  i 

nqot  surface  (cm) 

ze  - 

liquidus  depth  (cm) 

h = 

solidus  depth  (cm) 

Ze 

- zs  - 

mushy  zone  width  (cm) 

e = 

liquidus  slope 

(degree) 

DAS  = 

secondary  dendrite  arm  spacing  (v 

) 

E = 

average  cooling 

rate  (°C/min) 

tf  - 

local 

solidification  time  (min) 

Figure  12  shows  the  local  solidification  times  for  the  three  ingots  as  a 
function  of  the  distance  from  the  ingot  surface.  The  local  solidification  time  is 
inversely  proportional  to  the  thermal  gradient;  therefore,  solidification  takes 
place  rapidly  near  the  ingot  surface  where  the  thermal  gradients  are  high,  and 
requires  a much  longer  time  near  the  centerline  of  the  ingot.  Ingot  X-4  shows  a 
rapid  increase  in  solidification  time  (decrease  in  thermal  gradient)  with  increas- 
ing distance  from  the  ingot  surface.  Ingots  5 and  10  which  were  melted  at  lower 
rates  show  a much  smaller  change  in  solidification  rate  over  the  ingot  cross 
section. 
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Figure  12.  Local  solidification  times  for  three  ingots  as  a function  of  the 
distance  from  the  ingot  surface. 

Effect  of  the  Melt  Rate  on  Solidification 

For  a given  alloy  and  ingot  size  the  melt  rate  or  slag/metal  interface  ve- 
locity is  the  most  important  variable  affecting  the  solidification  structure 
and  geometry;  the  melt  rate  is  also  the  principal  variable  used  for  process  con- 
trol. An  examination  of  the  experimentally  marked  liquidus  isotherm  shapes  in 
the  preceding  two  sections  led  to  an  empirical  model  of  the  liquidus  shape  as  a 
function  of  the  melt  rate.  This  model  indicates  that  the  transverse  solidifica- 
tion velocity  is  melt-rate  independent,  and  that  the  shape  of  the  liquidus  in  x-z 
coordinates  is,  therefore,  a linear  function  of  the  melt  rate.  This  linear  vari- 
ation of  the  liquidus  geometry  with  the  melt  rate  was  illustrated  in  Figure  9. 

An  examination  of  the  solidus  isotherm  geometries  in  Figure  11  indicates  that 
the  depth  of  the  solidus  and  the  width  of  the  mushy  zone  are  not  related  to  the 
melt  rate  in  the  same  linear  fashion.  The  depth  of  the  solidus  increases  rapidly 
with  increasing  melt  rate.  At  high  melt  rates  such  as  that  used  for  ingot  X-4 
this  produces  a wide  centerline  mushy  zone  typical  of  continuously  cast  ingots. 


16 


The  effect  of  the  melt  rate  on  the  liquidus  and  solidus  isotherm  shapes  is 
illustrated  in  Figure  13,  which  shows  the  centerline  isotherm  depths  as  functions 
of  the  slag/metal  interface  velocity.  The  centerline  depth  of  the  liquidus  varies 
in  a linear  manner  as  predicted.  The  centerline  depth  of  the  solidus  isotherm, 
however,  increases  approximately  with  the  cube  of  the  slag/metal  interface  velocity. 

Melt  control  of  many  commercial  ESR  furnaces  is  based  on  the  relation  between 
the  melt  rate  and  the  liquid  metal  pool  depth;  the  slope  of  the  liquidus  isotherm, 
which  can  be  easily  located  by  marking,  determines  the  columnar  dendrite  orienta- 
tion and  hence  the  orientation  of  the  macrostructure.  The  more  important  solidi- 
fication variables,  however,  are  more  strongly  reflected  by  the  location  of  the 
solidus  isotherm  than  by  the  liquidus.  These  include  the  thermal  gradients,  local 
solidification  time,  mushy  zone  width,  and  the  potential  for  macrosegregation. 

Since  these  variables  do  not  scale  linearly  with  the  melt  rate,  empirical  rules 
have  been  developed  which  relate  the  melt  rate  and  liquid  pool  depth  to  the  onset 
of  solidification-related  defects. 


Figure  13.  Effect  of  melt  rate  on  the  liquidus  and  solidus  isotherm  shapes. 
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Comparisons  of  liquid  pool  geometry  are  usually  based  on  the  slope  of  the 
liquidus  isotherm  or  on  the  ratio  of  the  liquid  pool  depth  to  the  ingot  radius. 

A high  melt  rate  is  desirable  for  reasons  of  melting  efficiency  (kilowatt-hour/ 
ton)  and  furnace  productivity;  however,  an  upper  limit  is  imposed  by  the  increased 
probability  for  solidification  defects.  The  upper  limit  for  satisfactory  melting 
is  generally  considered  to  be  that  rate  at  which  the  pool  depth  equals  the  ingot 
radius,  or  where  the  slope  of  the  liquidus  isotherm  reaches  45  degrees.  Examina- 
tion of  Figure  13  illustrates  the  validity  of  this  rule.  For  ingot  X-4  the  liquid 
metal  pool  depth  is  approximately  equal  to  the  ingot  half  width,  and  the  depth  of 
the  solidus  isotherm  and  width  of  the  mushy  zone  are  both  increasing  very  rapidly 
with  increasing  slag/metal  interface  velocity  Figures  14  and  15  show  the  axial 
mushy  zone  width  and  the  local  solidification  time  at  the  ingot  center  plotted  as 
functions  of  the  liquidus  isotherm  slope  at  the  ingot  surface.  Both  are  increas- 
ing rapidly  at  a liquidus  slope  of  45  degrees. 

Figures  16,  17,  and  18  illustrate  the  melt  rate  dependence  of  solidification 
variables  as  a function  of  distance  from  the  ingot  surface.  Figure  16  shows  the 
secondary  dendrite  arm  spacings  versus  the  slag/metal  interface  velocity  at  the 
ingot  surface,  at  the  quarter  width  (5  cm  from  the  surface),  and  at  the  ingot 


Figure  14.  Axial  mushy  zone  width  as  a function  of 
the  liquidus  isotherm  slope  at  ingot  surface. 


Figure  15.  Local  solidification  time  as  a function  of 
the  liquidus  isotherm  slope  at  ingot  surface. 
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centerline.  The  melt  rate  has  a smail  influence  on  the  dendrite  arm  spacing  at 
the  ingot  surface  where  the  thermal  gradients  are  high,  and  m increasing  influ- 
ence at  the  quarter  width  and  the  ingot  centerline  wheie  the  thermal  gradients 
are  much  lower.  The  variation  could  be  approximated  by  a linear  function  at  all 
three  positions  for  the  purpose  of  predicting  the  solidification  microstructure 
at  various  melt  rates. 

Figures  17  and  18  show  the  dependence  of  the  local  solidification  time  and 
the  axial  mushy  zone  width  on  the  melt  rate  and  distance  from  the  ingot  surface. 

'The  solidification  time  and  mushy  zone  width  show  almost  no  variation  with  the 
melt  rate  near  the  ingot  surface,  but  both  variables  increase  very  steeply  with 
the  melt  rate  near  the  center  of  the  ingot. 

Macrosegregation 

The  macrosegregation  of  alloy  elements  is  caused  by  the  flow  of  solute-rich 
or  solute-depleted  liquid  metal  in  the  mushy  zone.  Interdendritic  fluid  flow  re- 
sults from  flow  to  feed  shrinkage  during  solidification  or  from  the  force  of 
gravity  acting  on  a fluid  of  variable  density.  As  solidification  proceeds  between 
the  liquidus  and  solidus  temperatures,  normally  segregating  alloy  elements  are 
excluded  by  the  primary  dendrites  and  the  interdendritic  fluid  becomes  increas- 
ingly rich  in  alloy  elements  as  the  solidus  temperature  is  approached.  Flow  of 
this  solute-rich  liquid  can  result  in  chemistry  variations  over  the  ingot  cross 
section  or  in  the  erosion  of  channels  and  the  formation  of  channel  segregates. 

The  relations  between  the  velocity  of  the  interdendritic  fluid  flow,  the  iso- 
therm velocities,  and  macrosegregation  have  been  quantified  by  Flemings,  Mehrabian, 
and  Nereo,6-8  and  are  summarized  by  Mehrabian:8 

V /U  = -Q/l  - n 
n 

where  V = velocity  of  the  interdendritic  fluid  flow  normal  to  the  isotherms,  the 
__  positive  direction  being  in  the  direction  of  isotherm  movement 
U = isotherm  velocity 

Q = solidification  shrinkage  (0.03  for  steel) 

The  interdendritic  flow  velocity  is  generally  in  the  direction  opposite  to  that  of 
the  isotherms,  that  is,  it  is  negative.  When  the  interdendritic  fluid  has  a small 
negative  velocity  and  the  above  equation  is  satisfied  no  macrosegregation  will  re- 
sult. If  the  interdendritic  fluid  has  a large  negative  velocity  opposing  the  iso- 
therms, negative  segregation  will  result;  and  if  the  velocity  is  zero  or  is  posi- 
tive in  the  direction  of  isotherm  movement,  positive  segregation  will  result. 

Macrosegregation  is  favored  by  a high  melting  rate,  deep  liquid  metal  pool, 
large  mushy  zone,  long  solidification  time,  and  a coarse  dendritic  structure. 

These  conditions  are  expected  to  be  present  in  ingot  X 4 as  indicated  by  Figures 
11,  12,  and  13.  Near  the  center  of  the  ingot  the  secondary  dendrite  aim  spacing 
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p.  4141. 
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was  339  micrometers,  the  axial  width  of  the  mushy  zone  was  34  cm,  and  the  local 
solidification  time  was  34  minutes.  Ingot  5 was  melted  at  the  lowest  rate,  and 
it  should  therefore  be  the  least  likely  of  the  three  ingots  to  exhibit  macroseg- 
regation. Near  the  centerline  of  ingot  5 the  dendrite  arm  spacing  was  200  micro- 
meters. the  axial  mushy  zone  width  was  only  3.7  cm,  and  the  local  solidification 
time  was  only  6.5  minutes. 

Figure  19  shows  the  chemical  composition  of  ingots  5 and  X-4  as  a function 
of  distance  from  the  ingot  surface.  These  results  are  based  on  the  wet  chemical 
analysis  of  drilled  chips  taken  at  approximately  1.5-cm  increments  from  the  ingot 
surface  to  the  center.  The  analyses  show  no  apparent  macrosegregation  present  in 
any  of  the  alloy  elements,  at  either  the  low  melt  rate  used  for  ingot  5 or  at  the 
very  high  melt  rate  used  for  ingot  X-4.  The  conclusion  must  be  that  density- 
driven  macrosegregation  in  AISI  4340  steel  is  not  produced  by  the  thermal  and 
geometric  conditions  of  solidification  present  in  these  experiments. 
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Figure  19.  Chemical  analysis. 


CONCLUSIONS 


1.  For  the  round-cornered  square  mold  used  in  these  experiments  the  liquidus 
isotherm  shape  is  hyperbolic  in  the  longitudinal  section  perpendicular  to  the 
ingot  face.  This  indicates  an  almost  constant  rate  of  growth  of  the  solidified 
thickness  for  the  first  few  centimeters  from  the  mold  wall.  The  hyperbolic  liq- 
uidus isotherm  geometry  may  be  typical  for  slab  molds  in  the  direction  perpendic- 
ular to  the  face  of  the  slab. 


2.  At  a sufficient  ingot  height  that  the  liquid  metal  pool  has  assumed  a 
steady  shape,  the  liquidus  isotherm  profile  may  be  predicted  as  a function  of  the 
slag/metal  interface  velocity  by  means  of  an  empirical  model.  This  model  is  based 
on  the  premise  that  the  transverse  solidification  velocity  and  the  time  required 
to  solidify  the  ingot  cross  section  are  independent  of  the  slag/metal  interface 
velocity.  The  hyperbolic  liquidus  isotherm  shape  is,  therefore,  a linear  function 
of  the  interface  velocity. 

3.  The  average  cooling  rate  during  solidification  and  the  local  solidifica- 
tion time  may  be  determined  from  measurements  of  the  secondary  dendrite  arm  spac- 
ing and  an  empirical  relationship  between  the  arm  spacings  and  the  cooling  rate 
for  a particular  alloy.  This  information  in  combination  with  knowledge  of  the 
liquidus  isotherm  geometry  and  the  slag/metal  interface  velocity  can  be  used  to 
determine  the  axial  width  of  the  mushy  zone  and  the  location  of  the  solidus 
isotherm . 

4.  The  important  solidification  variables,  including  the  solidus  isotherm 
depth,  mushy  zone  width,  and  local  solidification  time,  are  not  linear  functions 
of  the  melt  rate.  Within  3 to  4 cm  of  the  ingot  surface  the  thermal  gradients 
are  high  and  the  variation  of  these  solidification  variables  with  increasing  melt 
rate  is  small.  Near  the  center  of  the  ingot  the  solidification  variables  increase 
rapidly  with  increasing  melt  rate.  At  high  melt  rates  where  the  liquidus  isotherm 
depth  approaches  the  ingot  radius  and  its  slope  approaches  45°,  the  solidus  depth, 
mushy  zone  width,  local  solidification  time,  and  potential  for  solidification- 
related  defects  increase  significantly. 

5.  Low  alloy  steels  such  as  the  AIS1  4300  series  do  not  seem  susceptible 

to  macrosegregation  caused  by  density  variations  in  the  interdendritic  fluid.  No 
macrosegregation  was  detected,  even  at  a high  melt  rate  where  the  depth  of  the 
solidus  isotherm  reached  43  cm,  the  local  solidification  time  reached  34  minutes, 
and  the  solidification  structure  was  coarse.  This  indicates  that  low  alloy  steels 
can  be  safely  remelted  at  much  higher  rates  than  segregation-sensitive  alloys  with 
larger  contents  of  high  or  low  density  solutes. 


